Previously, we cloned a new gene termed 'tongue cancer resistance-associated protein 1' (TCRP1), which modulates tumorigenesis, enhances cisplatin (cDDP) resistance in cancers, and may be a potential target for reversing drug resistance. However, the mechanisms for regulating TCRP1 expression remain unclear. Herein, we combined bioinformatics analysis with luciferase reporter assay and ChIP assay to determine that c-Myc could directly bind to TCRP1 promoter to upregulate its expression. Cancer is becoming a serious public health problem in the world. In USA, it is evaluated that 1,685,210 cases of new cancer and 595,690 cancer-related deaths would be occurred in 2016
, but chemotherapy was remarkably important in cancer therapy, and may be beneficial for controlling and narrowing local lesions before operation, preventing the recurrence and metastasis after operation, and may be the only viable therapy for inoperable late stage cancer. However, the chemoresistance becoming a major bottleneck to improve cancer treatment. Therefore, elucidating the mechanisms of chemoresistance is one of the key ways to identify targets for reversing drug resistance, and to improve the clinical treatment effects.
To explore the mechanisms of chemoresistance in cancer treatment, our research group previously established a multi-drug resistant cell line Tca8113/PYM derived from human tongue cancer line Tca8113, by stepwise selection using Pingyangmycin (PYM) as an inducing reagent 6 . PYM, also named bleomycin A5, was a famous drug for anti-tumor therapy. Utilizing microarray analysis of tongue cancer parent cell Tca8113 and its drug resistant cell Tca8113/PYM, Gu et al. identified a novel gene designated tongue cancer resistance-associated protein 1 (TCRP1) with a NCBI accession number of EF363480. TCRP1 locating on chromosome 11q13.4, also known as FAM168A, was 1834 bp in length with open reading frame (ORF) 708 bp, encoded a protein of 235 amino acids 7 . The analysis of functional motifs showed that TCRP1 possessed one putative Crk Src homology 2 (SH2) binding domain and one Erk1 kinase motif 8 . Immunofluorescence combined with western blot assay validated that TCRP1 located in nucleus and cytoplasm of A549 cells 9 . In our previous studies, we showed that TCRP1 inhibited apoptosis of oral squamous cell carcinoma (OSCC) cells with cDDP to improve its proliferation and survival ability 7 . It is validated that TCRP1 was positively correlated with poor prognosis and chemoresistance of OSCC patients 10 . Mechanically, the study suggested that TCRP1 could activate Akt and then upregulated NF-κB to enhance OSCC cells radioresistance 11 . Co-immunoprecipitation and western blot analysis suggested that TCRP1 interacted with two DNA repair proteins Pol β and INO80. Furtheremore, it is demonstrated that TCRP1 enhanced DNA repair via preventing Pol β degradation 8 . Recently, we found that TCRP1 mediated PI3K/ Akt pathway activation to drive NIH/3T3 cells malignant transformation 12 . These previous studies suggest that targeting TCRP1 may be a potential method to reverse drug resistance. However, there is limited understanding of mechanisms for TCRP1 dysregulation in cancer cells.
Abnormal gene expression is related with changes in multi-stage regulation, such as the change in DNA or chromosome level, transcription, post-transcription, translation, and protein processing. Among these changes, transcriptional regulation as the first step in regulating gene expression is therefore the most important control point to determine gene expression. In eukaryotes, the transcriptional regulation contains cis-acting elements as promoters, trans-acting elements like transcriptional factors, epigenetic regulators such as histone acetylation, DNA methylation and so on. Promoters lie in 5′ UTR of gene transcript, where RNA polymerase II binds. Transcriptional factors, through binding to promoters and changing DNA conformation, regulate transcriptional activity of RNA polymerase II to ultimately regulate gene expression. Previous research has suggested that abnormal transcriptional regulation takes a important part in cancer development [13] [14] [15] . c-Myc, with a basic helix loop helix (bHLH) domain, usually binds to E-box sequences near the core promoter elements of target genes to enhance their expression 16 . Increasing research have found target genes of c-Myc in various tumor cells [17] [18] [19] . In the present study, we demonstrate that c-Myc transcriptionally upregulates TCRP1 in tongue and lung cancer cells through bioinformatics analysis combining with experimental validation. Moreover, we explored the expression relationships between c-Myc and TCRP1 in tongue and lung cancers, and found that c-Myc positively regulated TCRP1 protein expression, and the c-Myc-TCRP1 axis contributes to chemoresistance in tongue and lung cancers.
Results

c-Myc transcriptionally regulates TCRP1 in tongue and lung cancer cells. Through bioinformatics
analysis, we selected 1370 bp before transcriptional start site (TSS) and 709 bp after TSS as the promoter of TCRP1 (Fig. 1A) . Then, the promoter sequence of TCRP1 was submitted to the online program JASPAR (http://jaspar. genereg.net/) to identify possible transcriptional factors. There were potential binding sites for transcription factor c-Myc within TCRP1 promoter (Fig. 1B) . We performed ChIP assay to reveal that c-Myc directly bound to the potential TCRP1 promoter in Tca8113/PYM cells (Fig. 1C) . Moreover, we ascertained the levels of TCRP1 and c-Myc in tongue and lung cancer cells. The expressions of TCRP1 and c-Myc were much higher in chemoresistant cancer cells Tca8113/PYM and A549/DDP than those in parental cell line (Fig. 1D ). As expected, ectopic overexpression of c-Myc via the pMxs-h-c-Myc construct upregulated TCRP1 both at mRNA and protein levels in Tca8113 and A549 cell lines. Conversely, TCRP1 mRNA and protein expression decreased following silencing c-Myc by siRNA in Tca8113/PYM and A549/DDP cells (Fig. 1E,F) . To further investigate the effects of c-Myc on TCRP1 expression, we co-transfected c-Myc expression plasmid with wild type or mutant luciferase reporter plasmid into HEK-293T cells, and dual-luciferase reporter gene assay indicated that c-Myc remarkably increased luciferase activity of wild type but not mutant TCRP1 promoter (Fig. 1G) . The similar results were obtained in Tca8113 and A549 cells. However, the wild type but not mutant TCRP1 promoter activity was significantly reduced by silencing c-Myc in Tca8113/PYM and A549/DDP cells (Fig. 1G) . Combined, this data demonstrated that TCRP1 was transcriptionally regulated by c-Myc directly binding to its promoter. TCRP1 contributes to c-Myc-mediated chemoresistance in tongue and lung cancer cells. The above data suggested that c-Myc was overexpressed in chemoresistance cells, and c-Myc positively regulated TCRP1 expression. Therefore, we investigated whether c-Myc modulated chemosensitivity of tongue and lung cancer cells via regulating TCRP1 expression. Initially, we transfected TCRP1 overexpression plasmid pLEX-TCRP1 and siRNAs targeting TCRP1 into Tca8113 and Tca8113/PYM cells, respectively. Western blot assays demonstrated that pLEX-TCRP1 plasmid could successfully overexpress TCRP1, and si-TCRP1-#2 was chosen as the most efficient siRNA oligonucleotide ( Fig. 2A) . Through MTS assay, we found that ectopic overexpression c-Myc in Tca8113 and A549 cells could remarkably increase the cDDP resistance and IC 50 values of these cells (Fig. 2B ). In contrast, knocking down c-Myc reduced the cDDP resistance of Tca8113/PYM and A549/ DDP cells, and significantly decreased IC 50 values of these treated cells (Fig. 2C ). In addition, TCRP1 knockdown in Tca8113 and A459 cells evidently abolished their resistance to cDDP induced by c-Myc (Fig. 2B ). Increasing TCRP1 reversed the effect of silencing c-Myc on chemotherapy of Tca/PYM and A549/DDP cells (Fig. 2C) . Mechanically, western blot assay was performed to show that over c-Myc can upregulate phosphoylation of Akt, while knocking-down TCRP1 with siRNA can inhibited it in parental tongue and lung cancer cells (Fig. 2B) . Similarly, overexprssion TCRP1 can enhance Akt activation prevented by silencing c-Myc in tongue and lung drug resistance cells (Fig. 2C) . These results illustrated that TCRP1 was responsible for c-Myc-mediated chemoresistance in tongue and lung cancer cells.
TCRP1 and c-Myc are positively correlated in tongue and lung cancer. Since the data thus far had
shown that c-Myc transcriptionally regulated TCRP1 expression and the c-Myc-TCRP1 axis mediated chemotherapy resistance in cancer cell lines, we next examined whether c-Myc was correlated with TCRP1 in tongue and lung cancer tissues. Immunohistochemical analysis was performed on 80 tongue cancer patients and 90 lung cancer patients having PYM and/or cDDP chemotherapy (Fig. 3A) . The results showed that c-Myc was positively expressed in 38 of 43 cases tongue cancer tissues exhibiting high TCRP1 expression. Conversely, low expression of c-Myc was observed in 27 of 37 cases tongue cancer tissues exhibiting low TCRP1 protein expression (Fig. 3A) . Similarly, the co-expression pattern of c-Myc and TCRP1 was also obtained in lung cancer. As shown in Fig. 3A , 75% lung cancer tissues with low TCRP1 protein level also expressed a low level of c-Myc, and 84% lung cancer tissues with high TCRP1 expression also showed a high level of c-Myc expression. Furthermore, we detected cleaved-caspase 3 expression levels in these tissues to show patients' response to chemotherapy (Fig. 3A) . The results showed that 62.2% tongue cancer tissues with lowly expressed TCRP1 increased cleaved-caspase 3 expression, exhibiting a more sensitivity to drug treatment. Meanwhile, 32 of 50 cases lung cancer tissues with TCRP1 high expression reduced cleaved-caspase 3 expression, and 27 of 40 cases lung cancer tissues with TCRP1 low expression enhanced cleaved-caspase 3 expression levels. This is strongly hinted that TCRP1 was negatively correlated with cleaved-caspase 3 and chemosensitivity of cancers. Kaplan-Meier analysis suggested that tongue cancer patients with high TCRP1 expression had a poorer prognosis than patients with low TCRP1 expression (Fig. 3B) . We got the similar results in lung cancer patient samples (Fig. 3C) . Moreover, c-Myc was negatively correlated with overall survival (OS) of tongue and lung cancer patients (Fig. 3B,C) . In addition, the OS of patients with both high c-Myc and TCRP1 expression was much worse than that of patients with both low c-Myc and TCRP1 expression (Fig. 3B,C) . In all, these results suggested a potential correlation expression pattern between c-Myc and TCRP1 in human tongue and lung cancer patients. c-Myc-TCRP1 axis could be a biomarker of poor prognosis of these patients.
Discussion
Therapeutic resistance remains a major problem for cancer therapy 20 . However, mechanisms of therapeutic resistance are complex and are not completely understood in many cancers. Therefore, elucidating accurate molecular mechanisms of chemoresistance is of great importance in improving current treatments in the clinic. Previously, Tca8113/PYM and A549/DDP, all these cells and each control group were treated with cDDP for 72 h, and the survival rate of these cells were detected by MTS assay, western blot assay was used to measure Akt activation. **P < 0.01.
we identified that TCRP1 was related to chemoresistance in tongue cancer 7 and was associated with lung cancer occurrence 12 ; however, the mechanism of TCRP1 upregulation in cancer is still unclear. Here, we combined bioinformatics analysis with a series of experiments to ascertain that c-Myc directly bound to TCRP1 promoter and positively regulated its activity. We demonstrated in a MTS assay that c-Myc-mediated upregulation of TCRP1 enhanced chemoresistance of tongue and lung cancer cells. Finally, Kaplan-Meier analysis suggested that both c-Myc and TCRP1 were negative prognostic factors for tongue and lung cancers.
It is widely reported that c-Myc abnormally overexpressed in various cancers 21 . c-Myc can bind to the canonical element E-box (CACGTG) or non-canonical E-box (CANNTG) to transactivate targeted genes 22, 23 . A previous study showed that c-Myc induced ANRIL expression via directly binding to the E-box of its promoter 24 . Some reports revealed that c-Myc directly bound to DKC1 promoter and dramatically increased its expression 25 . Similarly, we found that there was a non-canonical E-box sequence (CAGTTG) on the TCRP1 promoter by bioinformatics analysis. Results of ChIP assay illustrated that c-Myc could directly bind to the E-box of TCRP1 promoter. Gain-of-function and loss-of-function assays suggested that c-Myc positively regulated TCRP1 expression in tongue and lung cancer cells. However, our results are in contrast to a previous report. That study revealed Immunohistochemical assay was used to obtain c-Myc, TCRP1 and cleaved-caspase 3 expression in tongue and lung cancer tissues. Representative images of each protein expression was showed, and the relative expression pattern between TCRP1 and c-Myc or cleaved-caspase 3 were also analyzed. In tongue cancer tissues (B) and lung cancer tissues (C), Kaplan-Meier analysis was performed to estimate OS according to the protein level of TCRP1, c-Myc, even both them. that more than with on-off effect on gene expression, c-Myc could amplify expression of the active genes, but not expression of immediate early genes, with a non-linear manner 26 . Aberrant expression of c-Myc was implicated to role in chemoresistance 27 . It has been reported that c-Myc was enhanced in docetaxel-resistant lung adenocarcinoma (LAD) tissues comparing with docetaxel-sensitive tissues. Mechanically, c-Myc induced GSK-3β inactivation and subsequent Snail activation, contributed to EMT, and chemoresistance 28 . Several studies confirmed that carbon nanotubes (CNTs)-based drug delivery devices significantly enhanced cancer chemosensitivity 29 . It is reasoned that c-Myc, directly regulated the expression of ABC gene, was remarkably reduced in multiwalled carbon nanotubes (MWCNTs)-treated cells and ectopic overexpression c-Myc abolished MWCNTs' inhibitory effects on ABC 29 . From solid transplantable tumor rat models treated with cDDP, researchers demonstrated that elevating c-Myc expression can sharply promote tumor cells treated with cDDP to survive 14 . A previous report also found that DYRK1A inhibited the proliferation and chemosensitivity of acute myeloid leukemia (AML) cell lines through downregulation c-Myc 30 . Peng et al. performed a series of experiments to validate that TCRP1 mediated cDDP resistance against DNA damage 10 . TCRP1, enhancing resistance to cDDP in Tca8113 cells through inhibited cDDP-mediated apoptosis in these cells 7 . Similarly, we also found that c-Myc contributed to chemoresistance in tongue and lung cancers. In this manuscript, we performed a series of experiments to determine whether c-Myc-TCRP1 mediates chemoresistance in tongue and lung cancer cells. We found that ectopic overexpression c-Myc enhanced the chemoresistance of tongue and lung cancer cells, while silencing TCRP1 abolished the effect of overexpressed c-Myc in these cells. On the contrary, knockdown of c-Myc sensitized tongue and lung cancer cells to cDDP, but overexpression TCRP1 reversed the effects induced by silencing c-Myc in these cells.
Moreover, c-Myc is a well-known poor prognosis marker in a variety of cancers. Studies have shown that patients with aberrant c-Myc or Bcl2 had significantly worse OS and progression-free survival (PFS), comparing with normal cases (P < 0.0001) 31 . In ALCL (anaplastic large cell lymphoma), Moritake et al. found that c-Myc overexpression was related to a high proliferation index and poor clinical outcome 32 . Moreover, it is noted that c-Myc and Ki-67 expression conferred poor OS on peripheral T-cell lymphomas patients, as indicated by the univariate analyses (p = 0.003 and 0.006, respectively). Additionally, it is showed that c-Myc acted as an independent prognostic factor of these patients (p = 0.004) 33 . In a similar way, our study showed that c-Myc and TCRP1 were positively correlated in tongue and lung cancer tissues. Kaplan-Meier analysis demonstrated that both c-Myc and TCRP1 were negative prognostic factors for OS in tongue and lung cancer patients. Cleaved-caspase 3 is a biomarker of cell apoptosis, and in current study we showed that cleaved-caspase 3 expression levels were enhanced in TCRP1 lowly expressed cancer tissues. It is confirmed that TCRP1 attenuated cell apoptosis. Future studies which focus on the molecular mechanism of c-Myc-TCRP1 axis responding to chemotherapy will be required. Moreover, we should develop new strategies to discover biochemical changes during chemotherapy.
Material and Methods
Cell culture and treatments. Tongue cancer cell line Tca8113 and lung cancer cell line A549 were cultured in RPMI-1640 (Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) at 37 °C, 5% CO 2 . Tca8113/PYM cells and A549/DDP cells were cultured in RPMI-1640 with 100 ng/ml PYM (Harbin Bolai Pharmaceutical, Harbin, China) or 1000 ng/ml cDDP (Sigma, USA), respectively. But these two cells should be maintained in PYM-free or cDDP-free medium for at least two weeks before experiments. HEK-293T cells were cultured in DMEM (Gibco, Carlsbad, CA, USA) containing 10% FBS at 37 °C, 5% CO 2 .
Bioinformatics analysis for identifying TCRP1 promoter and transcriptional factors. Through
Ensemble Genome Browser website (http://asia.ensembl.org/index.html), we first downloaded TCRP1 sequence, labeled the transcriptional start site (TSS) of TCRP1 was +1, extracted upstream 5000 bp sequence and downstream 999 bp sequence of TSS, and then submitted this 6000 bp sequence onto programs to identify the promoter region. The online programs we used were PromoterScan (http://www-bimas.cit.nih.gov/molbio/proscan), BDGP (http://www.fruitfly.org/seq_tools/promoter.html), and Promoter 2.0 Prediction Server (http://www.cbs. dtu.dk/services/Promoter/). Finally, we submitted the promoter sequence of TCRP1 to identify possible transcriptional factors via the online program JASPAR (http://jaspar.genereg.net/).
RNA extraction and real-time RT-PCR assays.
We extracted total RNAs using TRIzol and synthesized them into cDNA via the first-strand synthesis system (Thermo Scientific, USA). Real-time RT-PCR was performed following the standard protocol on ABI 7500fast with Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo scientific, USA). We choosed GAPDH as an internal control and listed all primers used in Table 1 .
Western Blot Assay. Cells were seeded overnight, and we transfected plasmids into cells via Lipofectamine 2000 reagent (Life Technologies, USA). 48 h post-transfected, cells were incubated in mammalian cell lysis reagent (Thermo Scientific, USA) with protease inhibitor cocktail (Roche, Switzerland) for 20 mins at 4 °C, centrifuged at 13000 g for 15 mins, the supernatant was harvested as the total protein. Next, 70 µg total protein per lane was loaded on 10% SDS-PAGE gel. And protein bands were transferred from gel to PVDF membranes at 70 V pressure for 1 h, blocked overnight with 5% non-fat milk at 4 °C, followed by sequential incubation with primary antibodies and secondary antibodies. Antibodies used were as follows: TCRP1 antibody (Santa Cruz Biotechnology, 1:300), c-Myc antibody (Cell Signaling Technology, 1:4000), β-actin antibody (Cell Signaling Technology, 1:4000), and anti-rabbit secondary antibody (Merck, 1:10000). Finally, we used chemiluminescent detection system (Millipore, USA) to detect signal.
Construction plasmids.
Total RNA was isolated from Tca8113 cells and was inversely transcripted into cDNA, c-Myc ORF (open reading frame) and TCRP1 ORF were amplified by PrimeSTAR ® HS DNA Polymerase (TaKaRa, Japan), and primers are showed in Table 1 . The c-Myc fragment and pMxs-h vector (Promega, USA), and TCRP1 fragment and pLEX-MCS vector (Thermo Scientific, USA) were digested by restriction enzyme BamH I (Thermo scientific, USA) and Xho I (Thermo scientific, USA). After digestion, the c-Myc fragment were ligased into pMxs-h vector and TCRP1 fragment were ligased into pLEX-MCS vector by T4 DNA ligase (Thermo scientific, USA), and then sequenced (Life Technologies, USA), named pMxs-h-c-Myc and pLEX-TCRP1, respectively. We mutated c-Myc binding site "CAGTTG" to "TCATCT" within TCRP1 promoter following instructions of MutanBEST Kit (TaKaRa, China), and respectively cloned wild type (wt) and mutant TCRP1 promoter into a luciferase reporter vector pGL4, named pGL4-TCRP1-wt and pGL4-TCRP1-mut. Plasmids with the expected mutations were sequenced to confirm the presence of the mutation.
Transfection and dual-luciferase reporter assays. For western blot and real-time RT-PCR assay, cells were seeded overnight in 6-well plates, 4 μg plasmids were transfected per well as described by the manufacturer. After 48 h transfection, mRNA and protein were extracted from these cells, and then real-time RT-PCR and western blot assay were performed.
For dual-luciferase reporter assays, cells were seeded overnight in 96-well plates, and then 0.3 μg c-Myc overexpression plasmid, 0.2 μg TCRP1 promoter-luciferase reporter plasmid, and 0.02 μg pRL-TK plasmid (Promega, USA) were co-transfected per well via Lipofectamine 2000. The internal control we choosed was Renilla luciferase plasmid pRL-TK. After 48 h, dual-luciferase reporter assay system (Promega, USA) was used to evaluate both firefly and Renilla luciferase activity.
Chromatin immunoprecipitation assay (ChIP). We used EZ-CHIP
TM chromatin immunoprecipitation kit (Millipore, Germany) to perform ChIP assay. Tca8113/PYM cells were crosslinked by 1% formaldehyde for 10 mins at room temperature. Glycine was added to stop this reaction for 5 mins, and then cells were pelleted and incubated on ice for 30 mins with 1 × Lysis Buffer containning 1 × Protease Inhibitor Cocktail II. Cells were sheared on ice by sonication (40 pulses, 20 sec/pulse at 30% power) and centrifugation. Protein G agarose was added into the supernatant for 1 h at 4 °C, and then the supernatent was incubated with c-Myc antibody and Polymerase II antibody at 4 °C overnight, respectively. Proteinase K was used to digest proteins, the chromatin was extracted and used in PCR analysis. Primers were listed in Table 1 . PCR products were run on 3% agarose gels to visualize the presence of TCRP1 promoter.
Tissue microarray (TMA) and Immunohistochemical analysis. We Nucleotides in lower-case are the mutant sites.
Shanghai Outdo Biotech Company for preparing TMA. Core size was 0.6 cm, and each represented a different tumor sample. The TMA sections were dewaxed and rehydrated, and then Hydrogen Peroxide Block was used to cover the sections for 10 mins. Protein Block was applied for 10 minutes at room temperature to block nonspecific background staining. The c-Myc antibody (abcam) was diluted at 1:200, TCRP1 antibody (FAM168A antibody, sigma) was used at a dilution of 1:150, and cleaved-caspase 3 antibody (Cell signaling Technology) was diluted at 1:300. Immunostaining was performed with Rabbit/Mouse Specific HRP/DAB (ABC) Detection IHC Kit (abcam) following manufacturer's instructions. Two independent pathologists were asked to analyze the same slide. We considered the extent and intensity of immunoreactivity when evaluating protein expression levels in these tissues. The extent of staining was scored from 0% to 100%, and intensity of staining was from 0 to 4. The final results was obtained by multiplying the 2 scores.
Statistical analysis. All experiments were carried out for more than three times, data were showed as mean ± standard error. Statistical package for the Social Sciences Version 19.0 (SPSS 19.0) was used to analyze data and statistical analysis was done by Student's t test. Comparisons between groups in Immunohistochemical analysis were done by χ 2 test. P < 0.05 was considered statistically significant.
